A count of specifically labelled tryptic peptides from purified poliovirus (strain Mahoney) showed that the amino acid sequence comprising its structural protein contains at least 2I and 25 uniquely placed residues ofhistidine and methionine, respectively. Amino acid analysis after performic acid oxidation showed a content of, respectively, 21 and 27 moles of these residues per lOOO amino acids recovered. Accordingly, poliovirus structural protein must comprise a unique sequence of about I ooo amino acids, representing about 4o ~ of the coding potential of the poliovirus genome. The correspondence of this percentage with the proportion of the poliovirus genetic map occupied by structural protein genes (48 ~o) suggests that the map represents a major part of the genome. A value of about lOOO amino acids, or lOO to 1 lO ooo daltons of protein, for the repeating structural unit, coupled with a total content of 6.o to 6-4 x Io G daltons of protein in the poliovirus particle, indicates that it contains 60 such structural units and that its triangulation number = I.
INTRODUCTION
The first genetic map of poliovirus indicated only three distinct functions, namely two genetically separable polymerase activities plus structural protein (Cooper, I969) . This map was based on 19 ts mutants. The isolation and mapping of a further 21 is mutants has enlarged the genetic map only by 25 ~ and has not increased the number of known gene functions (Cooper et ak 1971) . These results indicate that the ts loci are approaching saturation, and suggest that the size of the existing poliovirus genetic map may correspond with the major part of the poliovirus genome. It is accordingly desirable to have some independent evidence for the scale of the map, and hence of whether many more than the three known gene functions are likely to be found.
One should be able to estimate the scale of the genetic map by comparing the proportion occupied by, for example, coat protein genes with the proportion of the genome concerned with specifying these proteins. One can estimate the size of individual poliovirus structural polypeptides by gel electrophoresis, using reliable standards (P. D. Cooper & P. J. Wright, unpublished observations. Unfortunately, the mode of production of poliovirus proteins by post-translational cleavage and the likelihood of some ambiguity in this cleavage (Maizel & Summers, 1968; Cooper, Summers & Maizel, I97o; Jacobson, Asso & Baltimore, 197o) allows the possibility that certain of these polypeptides may have overlapping amino acid sequences. Thus the total mol. wt. of unique protein sequences, which indicates the total amount of genetic information required for structural protein, can only be predicted to lie somewhere between 18o ooo (the total mot. wt. of all structural proteins found) and 3ooo0 (the mol. wt. of VPI, largest unit present in infective virus particles): P. D. Cooper & P. J. Wright, unpublished observations. Recently, Jacobson et aL (I97o) have shown that the smaller structural protein VP3 contains some tryptic peptides not found in VPI, and that VP2 is probably derived by cleavage of NCVP6 (alias VPo), so that the actual range is probably well within these limits.
We have attempted to by-pass this problem by comparing a count of certain tryptic peptides of virus particle protein with its amino acid composition in order to obtain an estimate of the total mol. wt. of protein under investigation. The content of tryptic peptides should be largely independent of any ambiguity in cleavage, and the method assumes only that each segment of the coat protein gene sequence is approximately equally represented in the preparation examined. This paper presents chemical evidence that the size of the poliovirus structural protein gene is equivalent to about IOOO amino acids (loo to I IOOOO daltons of protein) or some 4o ~ of the genome. Some implications of this finding for the scale of the genetic map and the structure of the virus particle are discussed.
METHODS

Materials
. [14C]-L-histidine (3I 2 mCi/m-mol), [14C]-L-methionine (carboxyl) (I 5.o mCi/m-
Preparation of purified virus.
For the amino acid analyses, poliovirus type I (strain Mahoney) was grown in U cells in roller bottles and purified in I to 2 mg amounts as described by Burrell & Cooper (I972) . The procedure involved precipitation with 7 ~ (w/v) polyethylene glycol 6ooo followed by repeated centrifuging, for I o rain at 12 ooo g to remove debris, for 60 min at 2o000o g to sediment virus, through sucrose gradients to collect IsoS material and in CsC1 gradients to collect material of density 1-33 to I'34 g/cm ~. The criterion of purity followed was the ratio E2~o/Ezao, which reached a constant level of 1.7 o to 1.72 for pure virus (Schwerdt & Schaffer, I955 )-For the peptide maps, a suspension of 2 × Io a cells was infected with Io p.f.u./cell of Mahoney virus at o °C, then incubated at to ~ cells/ml in Eagle's medium lacking all amino acids except glutamine and containing t ~o calf serum. After 2 h at 37 °C, Io/zCi of [14C]-histidine or 20 #Ci [14C]-methionine, were added, and the cells were centrifuged and frozen after a further 3 h. The cells were suspended in Io ml o.02 M-phosphate (pH 7"3) + o.I4 M-NaC1, virus was separated from debris by 2 cycles of sedimentation at 12000 g (IO min) and 200o0o g (60 rain) and the final pellet was suspended in lO ml o.o2 M-phosphate + 5 g CsCl and centrifuged for I8 h at 80ooo g. The peak of radioactivity (most of the counts) at a refractive index corresponding to a density of 1"33 to 1"34 g/cm 3 was collected, diluted in phosphate-saline, centrifuged at i2ooo g and 200 ooo g and the virus pellet resuspended in CsC1 solution and recentrifuged. The virus peak (density 1.33 to 1-34 g/cm3), now containing all the radioactivity and with an SDS-polyacrylamide gel electrophoresis pattern (Burrell, Martin & Cooper, I97o) corresponding to virus was stored at 4 °C.
Preparation ofpeptide maps. The procedure and apparatus described by Laver (I969) for peptide fingerprinting were used. Samples of the radioactive virus bands from the second CsC1 gradients, comprising 5 to 2ooo0 ct]min in o.2 to o'5 ml CsC1 solution, were mixed with 2 mg bovine serum albumin and precipitated overnight in 9o 9/00 (v/v) ethanol, then washed twice with IO ml 9o ~ (v/v) ethanol, and dried. The preparations were suspended in 0. 4 ml water, boiled for 3 min, then incubated at 37 °C with o.2 ml o.oI N-NH4OH and 0.o2 ml of fresh trypsin solution (0'5 mg/ml in o.ooI M-CaCI2) containing lO -4 M-TPCK to inhibit chymotryptic activity. After 2 h, the same amounts of trypsin, TPCK and NHaOH were added again, and the mixture incubated for 4 h and dried under a stream of N~ with one drop of o.I ~ phenol red in o-oi N-NH~OH. The peptides were dissolved in 20/zl of pH 6.5 buffer (pyridine:acetic acid:water, vol. ratio IO:O.4:9 o) and the whole preparation applied to a sheet of Whatman No. 3MM filter paper equilibrated with pH 6-5 buffer. The preparation was electrophoresed in one dimension for 2 to 3 h at 2ooo V, the paper dried and peptides separated in the second dimension by ascending chromatography in isoamyl alcohol: pyridine: water (vol. ratio 35: 35: 30). The paper was dried and cut into rectangles of 2 × 3 cm, which were immersed in toluene scintillation fluid and counted directly in a Packard scintillation counter. The results were plotted as contour maps.
Amino acid analyses. About 5oo/zg of purified virus in 3 ml o.o2 M-phosphate buffer pH 7"3, plus I ml freshly distilled aqueous phenol plus o-4 ml IO ~ (v]v) mercaptoethanol was heated for 2o min at 5o °C and precipitated with 15 ml ethanol at o °C, washed twice with ethanol and dried in a stream of N2. This material was dissolved in I ml of performic acid made by standing I vol. of 30 ~ H202 with 9 vol. 88 ~ formic acid for 2 h at room temperature; after 4 h at o °C, the solution was diluted with an equal vol. of water and lyophilised. The residue was dissolved in water and lyophilised twice more to remove all traces of formic acid. Samples were hydrolysed in 6 N-HCI at I IO °C for 24 and 48 h for amino acid analyses, which were performed with a Beckman model I2O C amino acid analyser by the method of Spackman, Stein & Moore (I958), using an expanded time scale in the region of cysteic acid and methionine sulphone.
Urea disruption. A suspension of purified poliovirus labelled with [14C]-amino acids and in o.2 ml CsC1 solution, was added directly to 1.8 ml of 8 M-urea (pH 7.0, 37 °C) • After 20 min and 60 min, I ml of the mixture was chilled, and urea rapidly removed by gel filtration through a Sephadex G-5o column in RS buffer (IO mM-KCI, 1'5 mM-MgCI2, IO mM-tris, pH 7"4). The high mol. wt. fraction was mixed with 50 #1 of water containing 4o0 /~g purified sheep IgG and centrifuged through a 5 to 2o ~o (w/w) sucrose gradient in RS buffer (4o h, at 5o ooo g in the Spinco SW25.3 rotor at 4 °C).
RESULTS
Peptide maps
The maps obtained from the histidine-and methionine-labelled virus preparations (Figs. I and 2, respectively) gave distinct patterns, and the duplicate runs made with each preparation showed that the patterns obtained by this method were reasonably reproducible. The paper was counted to the solvent front in the direction of ascending chromatography (horizontal dimension) and in the direction of electrophoresis (vertical dimension) sufficiently beyond the markers used (lysine and phenol red) to be sure that all peptides present were detected. The radioactivity after subtraction of background in each segment of the paper enabled contours to be drawn, and the first contour used (not less than 5o ct[5 min above background, where background was 45 to 48 ct/5 min) was significantly different from background at P = 0.o5 or less. Approximately 70 ~ of the counts applied were recovered within the first contour. Since the object was to detect all possible peptides, the first maps (his I and met I) were made by spotting the entire digest, suspended in 20 #1 of pyridine buffer, on the origin irrespective of whether any insoluble matter was present. The second maps (his II and met II) were made with twice as much labelled material in the digest, and the pyridine suspension was centrifuged for Io min at 5o0 g to remove any insoluble residue before spotting on the paper. No residue was visible, but the lower counts at the origin in the second maps suggest that some was removed. In no case, however, did the radioactivity at the origin comprise a significant proportion of the total. In addition, the material for the second maps was digested for an extra 4 h with fresh trypsin + NH4OH + TPCK, but the tryptic peptide pattern was not detectably altered.
Undue chemical manipulation was avoided in order to minimise losses, and so special steps to protect disulphide bonds were not taken. The low contents of cysteine (i to 2 ~), histidine (2"1 ~o) and methionine (2. 7 ~) means that histidine-or methionine-containing peptides also containing cysteine will be rare, but it is likely that some existed, and these would have in effect been deleted from the map by random disulphide exchange with the large excess of carrier BSA cysteine peptides.
As shown in the Figures the minimum number of labelled peptides present was estimated from the total and the distribution of the radioactivity located in each of the areas indicated by a letter. The origin was not counted, and in some areas there may be more residues than those recorded. The existence of radioactivity significantly in excess of background over the whole central area of the maps suggests some losses by irreversible adsorption to the paper or by disulphide exchange, so that the radioactive content of each spot may not precisely reflect its proportion in the original digest. These are therefore minimum estimates. Nevertheless, it may be concluded that the histidine maps (Fig. I ) cannot be accounted for by a set of peptides containing less than 2I unique residues of histidine, made up in the following areas: M 4: 5, A and N 4:2 each, B to L and O 4: I each. Similarly, the methionine maps (Fig. 2 ) cannot be accounted for by less than 25 unique residues of methionine, made up in the areas: A 4: I, B 4: 7, C 4: 3, D 4: I, E 4: 4, F 4: 6, and G 4: 3. Phenylalanine 4"o 4"3-4"5 3"8o 3"68 3"74 Proline 6"9 -7'3 6"5-7"9 6.88 5'34 6'11 Serine 7"8 -8"3 6'5-7"7 6.62 5-6o 7-62* Threonine 9'1 -9"3 8"3-9'7 7"38 6"38 8'38* Tryptophan ..... Tyrosine 3"7 -3"9 3"3-4"3 ---Valine 5'9 -6.I 7"1-7"3 6-14 6-26 6.2o
* Extrapolated to o h hydrolysis from the values for 24 to 48 h t Corrected for effect of performic acid oxidation.
hydrolyses.
Amino acid analyses
Previous amino acid analyses of purified poliovirus strain Mahoney (Levintow & Darnell, 196o; Munyon & Salzman, 1962 ) agreed well, except for the three rarest amino acids that were most useful for peptide counting, namely cystine, histidine and methionine (Table I) . Cystine and methionine are particularly susceptible to loss during the digestion procedure. These analyses were accordingly repeated on a batch of Mahoney virus purified and treated as described in Methods. The principle was first to remove cystine linked to the protein solely by disulphide bonds, then to oxidise with performic acid before digestion in order to recover a quantifiable amount of cystine and methionine as cysteic acid and methionine sulphone, respectively. The results of this analysis are also given in Table I , and show that the recoveries of other amino acids were in general very similar to the earlier values.
The recovery of methionine sulphone was shown in separate tests to be quantitative (91 to 95 ~) after performic acid oxidation, either of free methionine or of cytochrome c and bovine ~-lactalbumin used as standard proteins of known composition; accordingly, no correction factor was applied for methionine. The recovery of cysteic acid was quantitative after performic acid oxidation of free cystine, but was only 62.8 to 71.8 ~ (mean 66.o ~, four hydrolyses in comparison with glycine, phenylalanine and arginine) from cytochrome c, and 74"4 to 87.2 ~ (mean 8o.7 ~, two hydrolyses, in comparison with the same amino acids) for bovine c~-lactalbumin. The reason for this variability is not known. Serine and threonine were corrected for losses in hydrolysis, and the glycine content was corrected for a marked increase stated by Munyon & Salzman (I 962) to be due to breakdown of the RNA. Performic acid oxidation destroys tyrosine in presence of traces of halide; the glutamate recovery was high, possibly reflecting a reaction between the RNA and performic acid.
These results confirm certain earlier values for histidine and methionine (2.1 and 2.6 to 2.8 mol per cent, respectively). The cystine content was shown to be much higher than previously found, but some uncertainty regarding losses during oxidation prevents an accurate determination.
Urea disruption products
Poliovirus has characteristic and reproducible inactivation kinetics in concentrated urea solutions, and appears to be ruptured within 5 to Io rain at 37 °C with liberation of RNA and solubilization of protein (Cooper, [ 962) . Fig. 3 shows that some of the protein from labelled Mahoney virus retained a sedimentation coefficient > 5oS after incubation for 20 min at 37 °C in 7'2 M-urea (pH 7"3). However, about 5o ~ of the label sedimented slightly ahead of y-globulin at approximately IoS, equivalent to a tool. wt. of about 30oooo. The proportion of label solubilized was not increased by prolonging the incubation time to 60 min.
DISCUSSION
The tryptic peptides resolved from purified labelled poliovirus vary from 13 to 3o (Watanabe et aL [965; Cooper et aL I97o; Jacobson et al. I97o) . In all these tests the inequality of peak heights, even with lysine or arginine label, and incomplete recovery of radioactivity from Dowex columns, suggest that these values are low. We approached the problem of recovery by separating peptides on paper so that all applied material is theoreti-
cally detectable. By labelling with a rare amino acid, the number of peptides to be resolved is greatly reduced (we expect a total of about 9o tryptic peptides in poliovirus particle protein). The peptide maps showed at least 2I and 25 (or integral multiples thereof) uniquely placed residues of histidine and methionine, respectively, in the preparations examined. The corrected amino acid content of poliovirus protein was 2I and 27 residues/Iooo amino acids recovered, of histidine and methionine, respectively leading to values of Iooo and 93o residues for the total number of amino acids in the unique sequence. This order of magnitude is supported by the distinct patterns of the two maps, which indicate that a given peptide will rarely contain two of the amino acids selected for labelling. Thus the peptide total is much greater than that in either map. The possibility of integral multiples (e.g. 2ooo or 3ooo residues) is ruled out by the limited coding capacity of poliovirus RNA (25oo amino acids, see below). About IOOO amino acids give a mol. wt. of Ioo to I toooo (assuming say I mol per cent oftryptophan and ~o to 2o moles per cent of amide nitrogen) for the unique polypeptide sequence comprising the structural protein gene product of poliovirus.
The scale of the genetic map
The mol. wt. of poliovirus RNA is 2. 5 to 2.6 x Io ~ (Granboulan & Girard, I969; Tannock, Gibbs & Cooper, I97O) , comprising about 75oo nucleotides and coding for somewhat less than 25oo amino acids. The present data indicate that the total unique amino acid sequence in poliovirus structural protein is about Iooo residues. Thus the proportion of the genome occupied by coat protein genes is about 40 ~. The proportion of the genetic map represented by coat protein mutants is 48 ~ (Cooper et aL I97I ) . If one can assume that the mutation sites are more or less randomly distributed through the genome, and that map distance is proportional to genetic distance, it follows that the genetic map covers a major portion of the genome.
It does not seem possible to test these assumptions at present, but such considerations in conjunction with the difficulty of isolating novel ts mutants suggest that any genes not represented by existing ts mutants are likely to be small ones and few in number.
Implications for virus structure
The revised mol. wt. of 2"5 to 2.6 x Io 6 for poliovirus RNA changes our ideas on poliovirus composition. Earlier physical estimates ofpoliovirus particle weight (5"5 to 6.8 x Io 6 daltons: Schwerdt, I957; Anderer & Restle, I964; Schaffer & Schwerdt, t965) , leave only 3 to 4 x io 6 daltons for the protein. However, enough assumptions and undefined parameters (in particular the partial specific volume) were involved to make these estimates quite uncertain. The most direct and reliable figure available for poliovirus is the N:P ratio, which indicates 29 G by weight of RNA (Schaffer & Schwerdt, I965) . From this value the virus particle can now be calculated to weigh 8.6 to 9.o x io 6, and the protein, 6-o to 6.5 x Io ~. Similar values (3I'5 to 3I'7 G RNA, 8"3 to 8.6 x IO 6 for the particle, 2"4 to 2.7 x Io ~ for the RNA, Fenwick, I968; Burness, I97o; Burness & Clothier, t97o; Dunker & Rueckert, I97I) are reported for the similar EMC and ME viruses.
Principles of isometric virus structure (Caspar & Klug, I962) , coupled with the 5:3:2 symmetry of crystallized poliovirus particles (Finch & Klug, I959) , indicate that this protein resides in 6o (triangulation number, or T = I) or I8o (T --3) identical or quasiidentical structural units. Larger values of T are excluded by the size of the largest polypeptide chain isolated from virus particles (VP. r, 3oooo mol. wt. ; P. D. Cooper & P. J. Wright, unpublished observations). However, the above demonstration that the genetic information (Mayor, I964) . This conclusion is supported by studies of virus maturation, as Scharff, Maizel & Levintow 0964) showed that a 5S soluble antigen (80 to iooooo mol. wt.) was an in vivo precursor to the virus particle and possibly to empty capsids. The IoS component shown above to be produced by urea treatment, of tool. wt. about 3ooooo, may correspond to a triad of structural units.
There seems reason, therefore, to accept a component of about iooooo mol. wt. as the repeating structural unit of the poliovirus capsid. The capsid may be dissociated into triads, twenty of which would be needed for its assembly. Such a structural unit need not comprise a single polypeptide chain. Similar conclusions have been reached for ME virus from different evidence (Rueckert, Dunker & Stolzfus, t969; Dunker & Rueckert, I97I) . In this case a repeating unit (oc + fl + 3' + d chains) of mol. wt. 96ooo was found; some of the chains (e =/? + ~) may be uncleaved in a few subunits. It is not yet known whether these chains contain overlapping sequences. Unlike poliovirus, ME virus is labile in mild acid, which dissociates its capsid protein into pentamers.
Picornavirus assembly appears confusing at first sight because of the many proteins involved, but in principle it may be quite simple. The structural protein precursor NCVP I A (tool. wt. xo5ooo, P. D. Cooper & P. J. Wright, unpublished observations) seems likely to represent the fundamental repeating structural unit of poliovirus, 6o of which are required to form a regular capsid. Whether its cleavage to the particle proteins VPI to 4 occurs after rather than before folding to the structural unit does not affect the principle greatly, although it is worth noting that the correct assembly of the a and fl chains of insulin requires the folding of intact proinsulin before cleavage and removal of a redundant peptide sequence (Steiner et al. ~969) . Consequently, the precise arrangement and bonding patterns of the cleavage fragments, any ambiguity introduced by cleavage occurring at slightly different loci in some strains or in some subunits, or even possibly the loss of some polypeptides during cleavage, may be of minor importance from the viewpoint of virus structure.
